Ge 0.77 Ag 0.1 Sb 0.13 Te 1 alloy was fabricated by a novel two-step route. Firstly, oxide reagents were melted at high temperature and quenched into pellets. The pellets were milled to powder and then reduced in hydrogen at various temperatures for various periods of time. Energy-dispersive x-ray analysis indicated the possibility of successful fabrication of stoichiometric thermoelectric materials from the Te-Ag-Ge-Sb system. The electrical conductivity and Seebeck coefficient have been determined over the temperature range from 20°C to 340°C in argon atmosphere. It was also shown that, for most of the fabricated samples, the crystallite size as well as electrical parameters such as the electrical conductivity, Seebeck coefficient, and figure of merit (ZT) increased with increasing reduction time. The highest value of ZT ($1.0 at 340°C) was obtained for samples reduced in hydrogen atmosphere at 400°C for 20 h and 40 h.
INTRODUCTION
In recent years, thermoelectric (TE) materials have been widely studied for use with alternative energy sources and in novel energy conversion applications. The thermoelectric performance of a material is quantified by a dimensionless parameter called the figure of merit (ZT):
where a is the Seebeck coefficient, r is the electrical conductivity, and j is the thermal conductivity. It is clear from Eq. 1 that there are two ways to increase the value of ZT and thereby improve the thermoelectric performance: One is enhancement of the electrical conductivity and Seebeck coefficient, while the second is decrease of the thermal conductivity. Slack defined that, theoretically, the best thermoelectric material would be a narrow-bandgap semiconductor with high-mobility carriers. 1 This kind of material should achieve a compromise between the mobility of charge carriers and the effective mass. These parameters influence the electrical conductivity and Seebeck coefficient, respectively. On the other hand, the thermal conductivity should be minimized for thermoelectric applications. The total thermal conductivity of a material is the sum of an electronic component related to transport of heat by electrons/holes (j e ) and a lattice component (j l ) related to phonons traveling through the lattice. As the electronic thermal conductivity is related to the electrical conductivity by the Wiedemann-Franz relationship,
where L 0 denotes the Lorenz constant (reported equal to 2.0 9 10 À8 W X K À2 for TAGS materials with vacancies), [2] [3] [4] T is temperature, and r is the total electrical conductivity, the only way to improve the thermoelectric properties of a material via thermal conductivity modification is to decrease the lattice component of this parameter (j l ). This can be achieved by control of the chemical composition or by modifications of the material structure to provide efficient scattering of phonons.
In the development of TE materials, many semiconducting chalcogenides have attracted much attention. Various materials such as AgIn x Sb 1Àx Te 2 , 5, 6 AgSbTe 2 , 7 Ge-Sb-Te, 8 Ge-Pb-SnTe, 9, 10 AgPb m Sb n Te 2+m (known as LAST materials), 11 and (GeTe) x (AgSbTe 2 ) 100Àx with x = 80 or 85 (known as TAGS materials) reach bulk ZT values of around 1. Thermoelectric properties can be controlled by suitable structural modifications. To reduce the lattice component of the thermal conductivity, modifications such as nanostructuring, thin films, or multilayer systems can be performed. Nanostructuration of LAST materials, which leads to reduction of j l , can increase ZT up to 1.7 12,13 and even 2.1.
11 TAGS80 and TAGS85 compounds have long been used in radioisotope thermoelectric generators. At 477°C, a thermoelectric generator operating with optimized TAGS gives ZT values of about 1.5.
14 In 2014, Schröder et al. 2 reported that, in TAGS nanostructured through phase transitions associated with vacancy ordering, the ZT value reached 1.6 at 360°C.
In previous literature reports, many different methods for fabrication of thermoelectric alloys have been reported. The most commonly used are melting of high-purity elements in evacuated quartz ampoules and keeping at about 1000°C, 3, 8, 15, 16 or a mechanical milling process using pure metals as raw materials. 17 To produce nanostructured materials, a wet precipitation process 18 and vapor condensation 19 are often adopted. Lee and Ha reported 20 that, through mechanical milling of oxide reagents, calcination, and reduction in hydrogen, they were able to control the thermoelectric properties of the final Bi 0.5 Sb 1.5 Te 3 alloy depending on the duration of the reduction process. Melted oxides in amorphous or polycrystalline form usually exhibit low thermal and electrical conductivity. One of the ways to increase the electrical conductivity of oxide materials is reduction of the metal ions. Kusz and his group examined the formation of both pure metal grains or a composite of metal alloy and amorphous oxide during heat treatment at 340°C to 400°C in hydrogen atmosphere for various oxide glasses, e.g., Bi-Si-K-O, 21 Bi-Ge-K-O, 21 Bi-Si-O, 22, 23 Bi-Ge-O, [24] [25] [26] [27] [28] Pb-Ge-O, 29 and Ge-Sb-O. 30 They have shown that the structure and physical properties of the reduced oxides depend strongly on temperature and the duration of reduction. The reduction process of Bi 3+ and Ge 4+ ions in hydrogen atmosphere in the temperature range of 320°C to 400°C leads to the formation of neutral Bi 0 and Ge 0 atoms. After agglomeration into granules, a uniform metal or semiconductor structure can be formed. These results provided the idea for a new technology for TE materials production. Melting of oxide powders at high temperature in air, quenching, milling once again into powder, and then reducing in hydrogen should lead to the formation of complex structure. Depending on the initial composition of reagents and the temperature and duration of reduction, various products can be obtained. In our previous papers, 31, 32 it was shown that, using this method, it is possible to fabricate bismuth telluride and bismuth antimony telluride alloys with different structures and charge carriers, and good thermoelectric properties.
There are certain oxides and polycrystalline materials which can be fully reduced under heating in hydrogen atmosphere. The rate of this process strongly depends on the energy of the chemical bonds between the cation and oxygen atoms. Dimitrow et al. 33 reported values for the element binding energies for many pure oxide systems. Low binding energy (E b < 32 eV) was noticed for Bi, Sb, Te, Ge, Ag, Pb, Sn, Na, In, and Co elements. It is important to notice that most thermoelectric materials working at 600°C to 700°C are prepared with these chemical elements.
In this study, the result of reduction in hydrogen of melted 38.2GeO 2 -51.7TeO 2 34 
EXPERIMENTAL PROCEDURES
The investigated oxide precursors were produced from appropriate reagent-grade oxides (TeO 2 , AgO, GeO 2 , and Sb 2 O 3 ). First, the reagents were mixed for 30 min using an agate mortar and melted in a ceramic crucible at 1000°C in air for 2 h. Next, samples were poured onto cold stainless-steel plate. This process caused quenching of the melt, resulting in bulk samples. In the next step, the samples were milled to small-particle form (around 4 lm to 5 lm). Then, the obtained powder was reduced at 280°C, 300°C, 320°C, 340°C or 400°C in H 2 for 10 h (denoted as TAGS-R280h10 to TAGS-R400h10). After that, the samples were uniaxially pressed in a cylindrical matrix ($60 MPa) at elevated temperature (340°C) in argon atmosphere, yielding bulk cylindrical pellets (h % 5 mm; Ø5 mm) of metallic color.
To investigate the influence of the reducing time, a series of samples was reduced at 400°C for 2.5 h, 10 h, and 20 h. Then, after pressing in the same way as for TAGS-R280h10 to TAGS-R400h10, the samples were reduced in hydrogen atmosphere at 400°C for the next 2.5 h, 10 h, and 20 h at 400°C, respectively (denoted as TAGS-R400h2.5 + 2.5, TAGSR400h10 + 10, and TAGS-R400h20 + 20). Only the TAGS-R400h10bis sample was pressed under different conditions ($500 MPa at 180°C in hydrogen atmosphere). The compositions of the samples and corresponding abbreviations depending on the reduction temperature are listed in Table I , which also presents the density of the samples as measured by the Archimedes method and the calculated porosities.
X-ray diffraction (XRD) analysis was used to determine the phase composition and structure of as-melted and reduced samples, using an X'Pert Pro MPD Philips diffractometer with Cu K a (1.542 Å ) radiation at room temperature. The size of crystallites (presented in Table I ) was calculated using the Scherrer formula. The morphology of the samples was recorded using an FEI Quanta FEG 250 scanning electron microscope (SEM) with a secondary-electron detector operating in high-vacuum mode at accelerating voltage of 10 kV. Maps of element distribution were collected using energydispersive x-ray spectroscopy (EDX) using an EDAX Genesis APEX 2i with an ApolloX SDD spectrometer at accelerating voltage of 20 kV.
The electrical conductivity (r) using the fourterminal direct-current (DC) method and Seebeck coefficient (a) of the cylindrical samples were measured over the temperature range from 20°C to 340°C in argon atmosphere. The values of the Seebeck coefficient were calculated in reference to Pt. The total thermal conductivity was determined at 35°C on the basis of analysis of the heat transfer between two copper blocks in vacuum conditions. The electronic part of the thermal conductivity (j e ) was calculated from the Wiedemann-Franz relationship (Eq. 2). The lattice part of the thermal conductivity (j l ) was determined at 35°C as the difference between the measured total (j) and electronic (j e ) thermal conductivities.
RESULTS AND DISCUSSION

Structural Properties
The x-ray diffraction patterns of the as-prepared TAGS85 sample and those reduced at different temperatures of 280°C, 300°C, 320°C, 340°C, and 400°C in H 2 for 10 h are presented in Fig. 1 . The halo pattern of the as-prepared sample is characteristic of amorphous or highly disordered structures, with one wide peak (at 2h % 28°) showing that the obtained material could be partially crystallized. For the sample reduced at 280°C, some crystalline peaks can be observed, but the very low intensity does not allow unambiguous identification of the phases formed. Starting from the reduction temperature of 300°C, rhombohedral GeTe structure in space group R3m (reference pattern PDF 01-072-1835) characteristic of TAGS materials can be observed. The peak broadening and calculations using Scherrer's equation indicated that the nanostructured crystalline phase was obtained. Moreover, no additional phases could be identified in the analyzed XRD plots. In contrast to the other samples, the TAGS-R400h10bis sample exhibited a rocksalt-type cubic structure. According to previous literature reports of Yang et al., 3 it can be concluded that the different fabrication method for TAGSR400h10bis could decrease the Ag/Sb ratio, resulting in the formation of a sample with cubic structure.
To investigate the influence of the reduction time on the structural and electrical properties of the TAGS samples, different processing times at constant temperature of 400°C were applied. A comparison between the XRD patterns of the samples reduced in H 2 for 2.5 h + 2.5 h, 10 h + 10 h, and 20 h + 20 h is shown in Fig. 2 . In the plot for the TAGS-R400h2.5 + 2.5 sample, the presence of GeTe nanogranular cubic structure in space group R3m is noticed. Moreover, some peaks which can be attributed to Ge 2 Sb 2 Te 5 hexagonal phase in space group P-3m1 were found. In samples reduced at 400°C for 10 h + 10 h or 20 h + 20 h, only the presence of GeTe rhombohedral R3m phase was noticed. The narrower peak width related to increased crystallite size allowed the observation of the (024) and (220) double peak characteristic of the rhombohedral phase. The values of density, porosity, and crystallite size for the TAGS samples reduced at different temperatures and for different durations are presented in Table I . Schröder et al. 2 reported a theoretical density value for a TAGS sample of similar composition (based on XRD results) of q = 6.4 g cm
À3
. As seen in Table I , samples reduced at 400°C for 10 h exhibited a density lower than the theoretical value (about 24%). The porosity of the composition was obtained in the range of 5% to 23%. The average crystallite sizes were estimated using Scherrer's equation. The results for the samples reduced at 300°C, 320°C, and 340°C were 27 nm, 22 nm, and 37 nm, respectively. In the case of all compositions reduced at 400°C, the crystallite size was greater than 300 nm, except for the TAGSR400h2.5 + 2.5 sample, where the size was estimated as 100 nm.
The morphology and composition of the samples after reduction in hydrogen were analyzed using SEM and EDX techniques. EDX analysis of the element distribution was performed at six different characteristic points of the sample. The SEM image of a polished cross-section of the TAGS-R400h10 sample is shown in Fig. 3 , marked with EDX spots. Spots 1, 2, and 3 are situated inside large grains, whereas spots 4, 5, and 6 are generally situated in pores and grain boundaries. The quantitative results obtained by EDX analysis are presented in Table II as the atomic percentage (at.%) of each element.
The obtained results confirm that the composition inside the grains of the TAGS-R400h10 + 10 sample is close to the nominal Ge 0.73 Ag 0.135 Sb 0.115 Te 1 composition. Moreover, the EDX results at spots 4, 5, and 6 show that, in grain boundaries and pores, the elements Ge, Ag, Sb, Te, and O are present, as well as a trace amount of Al (Al 2 O 3 , probably from the ceramic crucible used during the fabrication process). Grains of the sample reduced for 2.5 h + 2.5 h are visibly depleted of silver, whereas slight tellurium depletion could be observed in grain boundaries and pores of this sample.
Influence of Reduction Temperature on TE Properties
To determine the usability of the TAGS material in thermoelectric applications, the total electrical conductivity, Seebeck coefficient, and thermal conductivity were measured, and the ZT parameter was estimated on the basis of the obtained experimental results. 2 In Fig. 4 the dependence of the electrical conductivity (r) for the TAGS85 samples reduced in the temperature range from 280°C to 400°C for 10 h is presented.
The lowest total electrical conductivity was measured for the TAGS-R280h10 specimen, being around two orders of magnitude lower than for other samples. For most of the investigated compositions, except TAGS-R400h10, the changes of the electrical conductivity in the applied temperature range of 20°C to 340°C are quite small. However, a small deviation from linearity is observed in Fig. 4 at $200°C. This behavior is probably caused by the phase transition. 35 The temperature dependence of the Seebeck coefficient (a) for TAGS samples reduced at various temperatures from 280°C to 400°C for 10 h is shown in Fig. 5 .
As shown by the results in Fig. 5 , the highest Seebeck coefficient (265 lV K À1 at 200°C) was obtained for the TAGS-R400h10 sample. The same value was observed for TAGS-R280h10, but this sample exhibited the lowest electrical conductivity of all the measured compositions. The Seebeck coefficient of other samples was comparable at 340°C, being around 100 lV K À1 . Fig. 3 . SEM image of polished cross-section of TAGS-R400h10 + 10 sample with EDX spots marked.
Structure and Thermoelectric Properties of Te-Ag-Ge-Sb (TAGS) Materials Obtained by Reduction of Melted Oxide Substrates
The temperature dependence of the estimated figure of merit (ZT) for TAGS85 reduced at various temperatures from 280°C to 400°C for 10 h is presented in Fig. 6 .
The ZT values were estimated according to Eq. 1. The electronic part of the thermal conductivity (j e ) was calculated from the Wiedemann-Franz relationship (Eq. 2). The lattice part of the thermal conductivity (j l ) was determined at 35°C as the difference between the measured total (j) and electronic (j e ) thermal conductivities; To estimate ZT it was assumed to be constant over the whole temperature range. The measured values of total thermal conductivity at 35°C are presented in Table I . The temperature dependence of the obtained figure of merit (ZT) for TAGS85 is presented in Fig. 6 . The plots indicate that the highest ZT parameter was obtained for TAGS-R400h10 (ZT = 0.7 at 340°C). It should also be noticed that the ZT value increased with temperature for almost all the investigated samples and did not reach a maximum in the analyzed temperature range. Only for TAGS-R300h10 was a maximum value of ZT = 0.2 found.
Influence of Reduction Time on TE Properties
The influence of the reduction time on the structural and electrical properties of the fabricated TAGS material was also investigated.
The temperature dependence of the electrical conductivity (r) for the TAGS85 samples reduced at 400°C for 2.5 h + 2.5 h, 10 h + 10 h, and 20 h + 20 h, respectively, is shown in Fig. 7 .
It is clear that the lowest total electrical conductivity was obtained for the TAGS-R400h20 + 20 sample (21 9 10 3 S m À1 at 340°C), whereas the highest value was observed for TAGS-R400h10 + 10 (42 9 10 3 S m À1 ). Moreover, some anomalies in the r(T) relation can be observed at 200°C. This behavior is probably caused by the phase transition. 35 The temperature dependence of the Seebeck coefficient (a) for 38GeO 2 -52TeO 2 -7AgNO 3 -3Sb 2 O 3 samples reduced at 400°C for 2.5 h + 2.5 h, 10 h + 10 h, and 20 h + 20 h is presented in Fig. 8 . For all the investigated samples, the Seebeck coefficient increased with temperature. The highest value (255 lV K À1 at 340°C) was reached for the TAGSR400h20 + 20 sample. According to the obtained results, it can be concluded that the a value increases with increasing reduction time.
The temperature dependence of the estimated ZT is presented in Fig. 9 . Similar to Fig. 6 , the ZT values were estimated under the assumption that the lattice thermal conductivity is constant over the whole temperature range. A particular value of j l was determined at 35°C as the difference between the measured total (j) and electronic (j e ) thermal conductivities. The measured values of total thermal conductivity at 35°C are presented in Table I . The lowest ZT value was obtained for TAGS-R400h2.5 + 2.5 (0.16 at 340°C), whereas the highest value (0.93 at 340°C) was observed for TAGS-R400h10 + 10 and TAGS-R400h20 + 20. It is interesting that the ZT parameter of samples with the same structure (TAGS-R400h10 + 10 and TAGS-R400h20 + 20) seems to be independent of the reduction time. Moreover, as mentioned above, some authors have proved that the total thermal conductivity of TAGS sample is almost independent of temperature. 2, 3, 33, 35 We found that, if the total thermal conductivity is also constant for our samples (e.g., the increase of j e is compensated by a decrease of j l ), then the estimated value of ZT of TAGS-R400h10 + 10 could have been higher than 1 at 340°C. 
